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GLOSSARY
DETF

Double-ended tuning fork. A mechanism consisting of two
beams resonating at their natural frequency and used for
strain or force detection.

MEMS

Micro-electro-mechanical-systems. Engineering systems and
assemblies in the order of less than 1 mm to 1µm. Can
incorporate sensors actuators and electronics to achieve a
specific task.

SOI

Silicon-On-Insulator. Silicon wafer technology consisting of a
thick silicon handle wafer and a thin silicon device layer with
a thin oxide between them.

BOX

Buried oxide. Refers to the oxide layer of an SOI wafer that
is locate under the silicon device layer

DRIE

Deep-Reactive-Ion-Etching. Dry etching technology that uses
SF6 gas for silicon etching and C4 F8 fro passivation capable
of high-aspect ratio micromachining.

HF

Hydrofluoric acid used for etching SiO2 .

UV

Ultraviolet radiation with a wavelength of 315 to 400 nm.

SOI

Silicon-on-insulator wafer technology.
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ABSTRACT
Bardakas, Achilleas M.S., Purdue University, August 2016. Design and Fabrication
of a Microelectromechanical Double-Ended Tuning Fork Strain Gauge. Major
Professors: Haiyan H. Zhang and Walter Daniel Leon-Salas.
A double-ended tuning fork (DETF) strain gauge that can be used for strain
and force measurements is designed and fabricated in this work. The design of the
sensor was augmented by an analytical model using the linear beam theory, by
numerical simulations performed in COMSOL Multiphysics 5.2 and by an
electromechanical state-space model simulated in Matlab. The predicted sensitivity
of the gauge was 57.7 Hz/µ for the analytical formulation and 49.8 Hz/µ for the
FEM model. The fabrication of the device was performed at the Birck
Nanotechnology Center cleanroom using UV photolithography for metal pad and
device layer definition, followed by an electron beam evaporation of chromium and
gold for the contacts and a DRIE process for etching the silicon layer of the SOI
wafer. The devices where released using a vapor HF system which was a high-yield
process. The device was tested, however due to the under etching of silicon parts of
the comb drive were connecting together which allowed no possible motion of the
structure.
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CHAPTER 1. INTRODUCTION

1.1 Scope
This thesis focuses on the design, fabrication and testing of a
microelectromechanical (MEMS) strain gauge sensor, used as a torque sensor for the
monitoring of torque (applied on transaxle shafts). As the sensing element of the
sensor, a microfabricated double-ended tuning fork (DETF) strain gauge was used.
A strain gauge is typically used to measure mechanical strains applied on man-made
or biological structures. In the case of measuring torque, the gauge is measuring the
strain created by the twist of a shaft when torque is applied. Newton-meter
resolution requires a strain gauge capable of micro-strain resolution which is not
achievable with macroscopic strain gauges. A DETF resonant strain gauge provides
superior sensitivity, small foot print (Myers et al., 2013) and low power
consumption, which becomes critical when a wireless data and power transmission
scheme is employed. This type of sensor has been previously proven to be able to
provide high resolution and stability due to its extensive use in several MEMS
applications, including accelerometers and gyroscopes but also in high stability
applications such as resonators. A DETF sensor has been presented to have high
sensitivity regarding torque measurements, coupled with signal conditioning and
analog-to-digital conversion (ADC) system (Wojciechowski, 2005). Additionally, the
high rotational speed of a vehicle transaxle shaft, requires the wireless transmission
of power and data to and from the sensor for live monitoring of the torque. Limited
progress has been done on this specific area of torque measuring. Chaimanonart,
Suster, and Young (2010) have presented a two channel data telemetry and
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battery-less system for MEMS sensors offering high speed bi-directional
communication with radio frequency (RF) power transmission.

1.2 Significance
The real-time measurement of engine and transmission torque is a critical
parameter of vehicle operation, driveability and stability. Power assisted steering
and traction control systems can be made more efficient by having real-world torque
data (Myers et al., 2013), offering optimized parts that correspond to specific
vehicle requirements. Currently, torque is estimated by the use of empirical methods
and equations that always introduce errors to the systems control unit. The
propagation of the errors throughout the entire control chain can cause instability
issues, especially when emergency maneuvers are executed. A direct measurement of
the real-time torque is always preferable, although posing significant difficulties.
Such difficulties are high sensitivity, small package, data transmission, power
delivery and integration to the drive-train. Furthermore, such a sensor can be also
utilized to monitor the condition of the shaft itself. Transmission shafts are used to
transfer torque to the wheel, thus, they are subjected to rotational and bending
stresses. In addition, weight balancing errors and positioning misalignments
(Bhaumik et al., 2002) can make the shaft susceptible to fatigue in heavy loading
conditions, resulting in catastrophic failure of the part. Thus, the sensor described
here, is capable of addressing those issues while contributing to the development of
wireless torque sensors.

1.3 Research Question
• What are the advantages of using a microelectromechanical strain gauge over
a conventional strain gauge ?
Secondary questions:
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• What are the desired dimensions in order to achieve high sensitivity.
• Which are the required process steps in order to fabricate the sensor.
The main objective of this study is the development of a strain gauge sensor,
capable of resolving high strain values. The sensor can be used for torque
measurements and addresses the need of real-time torque data in vehicles and
transmission systems in which a real-world torque input will increase the overall
efficiency of the system, predict future component failure or degradation and
provide useful telemetry for component testing. Another study objective is to couple
the torque sensor with a wireless power delivery and data transmission system.

1.4 Assumptions
The assumptions for this study include:
• The device layer of the sensor is modeled as a linear elastic material.
• For the analytical modeling only linear effect are taken into consideration.
The numerical simulations also include nonlinear effects.
• Dynamic simulations include the nonlinear effects associated with the
electrostatic field.
• Temperature compensation of the sensor is not explored at this point.

1.5 Limitations
The limitations for this study include:
• The dimensional resolution of the photomask is limited to 0.5 µm
• The final dimensions of the fabricated structures are subjected to the
tolerance of each process step.
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• The voltage applied on the device for actuation will be subjected to an upper
limit
• The simulations present a limited accuracy due to the simplifications of the
models.
• The damping coefficient and Q factor are calculated using analytical and
numerical methods with limited accuracy.

1.6 Delimitations
The delimitations for this study include:
• Complete sensor integration is out of the scope of this study
• No CMOS structures will be fabricated on the die.
• The device will be tested for basic functionality. No encapsulation and
packaging were prepared.
• No electronic circuits will be created in order to interface with sensor. The
testing was performed using standard testing equipment.
• A testing apparatus for strain or torque will not be developed since a readout
circuit will not be created.

1.7 Study Outline
The first step of this thesis is to review past design practices and modeling
techniques, which is accomplished in Chapter 2. The design process, modeling and
simulation of the device are presented in Chapter 3. In addition, Chapter 3 contains
the analysis of the fabrication steps that took place in order to realize the
microfabricated strain gauge, with detailed information of each step. Finally,
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Chapter 3 describes the testing methodology that was followed in order to verify the
operation of the device and also quantify its performance. Chapter 4, presents the
analytical and simulation results of the device along with experimental data and
their correlation. In addition, the effectiveness of the fabrication process is also
discussed, both quantitatively, in the form of measurements and qualitatively in the
form of detailed micro-graphs in the visible and IR spectrum, but also by using the
SEM microscope. Chapter 5 summarizes and concludes this thesis providing
recommendations for future research and possible improvements.
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CHAPTER 2. REVIEW OF LITERATURE

2.1 Resonant DETF Sensors - Fundamental Operation
Strain gauges are a common type of sensor used for measuring applied strain
on engineering or biological structures. Applications range from structural health
monitoring of building and bridges (Zhang, Guo, Wu, & Zhang, 2015), mechatronics
and robotics application utilizing flexible substrates (Kervran et al., 2015) to
accurate strain measurement in human bone mechanics (Grassi & Isaksson, 2015).
In addition, strain measurements can be indirectly used to quantify different
phenomena of the system under investigation. Those can be measurement of
acceleration, fatigue estimation of engineering structures, torque measurements and
mass estimation (Myers & Pisano, 2009). Resonant strain gauges or resonant
double-ended tuning fork (DETF) strain gauges, instead of using the resistance of a
thin metallic film as a function of strain, use the resonant frequency of the sensor,
fr , for measuring the quantity of interest. Usually, the measured quantities change a
fundamental property of the resonator such as stiffness and mass, which affects the
resonant frequency. In the case of this particular study, an applied force/strain will
cause an extension or compression of the DETF beams, changing their stiffness
(spring constant) and thus the resonant frequency. A DETF strain gauge is shown
in figure 2.1 for reference.

2.2 Mathematical Approach
As mentioned above, the sensing method of a resonant DETF strain gauge is
the change in frequency. Thus, the frequency of the DETF needs to be found when
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there is no external force applied on the beams. Each beam can be assumed to be
isolated from the rest of the structure, clamped at both ends with one mass
attached to it (actuator). The motion of the beam can be described by Equation 2.1
(Roessig, 1998):
∂2
∂x2





∂ 2w
∂
∂w
∂ 2w
EI 2 +
F
+ ρA 2 = P (x)
∂x
∂x
∂x
∂t

(2.1)

where E is the Young’s modulus, I is the moment of inertia, F is the axial force
applied on the beam, A is the cross-section of the beam, ρ is the density of the
material, and P is the actuation force. The deflection of the beam is given by
w(t, x). The response of the beam comprises of an infinite number of oscillating
modes, consisting of the modal coordinate term, qi (t), and the modal shape, φi (x).
These quantities are associated to the deflection w by the following expression
(Roessig, 1998):
w(x, t) =

X

qi (t)φi (x)

(2.2)

i

It is shown that each individual mode can be analyzed using the two above
equations, however it is of interest having a single degree of freedom (DOF)
equation containing only the modal component of the selected mode. The selected
modal shape in this study is the first fundamental oscillating mode which can be
approximated by (Wojciechowski, 2005):
φ1 (x) =

16 2
x (x − L)2
L4

(2.3)

The expressions for the linear spring constant, equivalent mass, Meq,1 , and non-linear
spring constant can be defined for each beam. The energy stored in the beam will
be energy due to bending, energy because of an axial force or strain and energy due
to the extension of the beam while bending. The bending and axial force terms
account for the linear spring constant and the extension due to bending accounts for
the non-linear spring constant (Fargas-Marques, Casals-Terré, & Shkel, 2007):
Z L
Meq,1 = ρbh
φ21 dx + Mact φ1 (x2p )
(2.4)
0
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Z
keq,1 = EI
0



∂ 2 φ1
∂x2

2

1
dx + F
2

k3,eq,1 =

Z
0

bhE
2L

L

2
2
Z L
∂φ1
∂φ1
dx + bhEint
dx
∂x
∂x
0
2 !2
Z L
∂φ1
dx
∂x
0



(2.5)

(2.6)

where, b is the width, h the thickness and L the length of the beam, xp the position
of the attached mass, Mact the mass of the actuator, φ1 the first oscillating mode
and int an internal stress inherent to any thin film. From Equation 2.4, it is shown
that a certain portion of the beams mass contributes to the oscillation and that the
linear spring constant is in agreement with the stiffness of a fixed-fixed beam. The
q
keq,1
1
and by substituting
resonant frequency of the beam is given by f = 2π
Meq,1
Equation 2.4 the expression for the resonant frequency of the beam can be derived.
Finally the resonant frequency is:
s
Ebhint
512 Ebh
Ehb3
+ 105
+ 512
1 256
15 L3
L
105
L
fr =
128
2π
ρbhL
+
M
act
315

(2.7)

where,  is the applied strain. When calculating the frequency at the resting
position, the applied strain and internal strain are assumed to be zero.

2.3 Strain Sensitivity
The effective stiffness of the beams and subsequently their natural frequency
will increase with the application of a force or strain and this is the phenomenon
that is utilized in DETF resonant sensors (Wojciechowski, 2005). The sensitivity to
either force or strain can be calculated by taking the derivative of the resonant
frequency in respect to the applied strain. In Equation 2.7 the resonant frequency is
given as a function of strain thus the sensitivity can be calculated:
∂fr
=
∂

105πL Mact +

128Ebh
r
512Ebhint
 256Eb33 h + 512Ebh
+
128Lρbh
105L
105L

(2.8)

15L

315

Mact + 128Lρbh
315

By observing the above equation, it is shown that the sensitivity of the sensor
heavily depends on the geometrical and mass properties of the DETF. This means
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that by increasing length and thickness of the beams the sensitivity is increased. In
addition, a reduction in the width and mass of the beam also results in the increase
of the sensitivity (Wojciechowski, 2005). However, fabrication and material
restrictions will apply an upper and lower bound to the achievable sensitivity.

2.4 Electrostatic Actuation and Sensing
In order to detect the aforementioned resonant frequency change of the
DETF in the presence of an external stimulus, the actuation method must provide
an adequate driving force to the beams and the sensing method should be able to
detect the change in frequency with the desired resolution. In the selected oscillation
mode, the beams resonate in an antisymmetric fashion. This means that the beams
motion is out of phase presenting a minimum and maximum deflection. Generally in
MEMS, capacitive actuation and sensing is utilized due to the fact that is readily
available through micromachining processes (Wojciechowski, 2005). Although
several capacitive implementations exist, the two common types of actuators and
sensors are the parallel plate and the comb drive actuators (Roessig, 1998).
Parallel plate transducers are simple to fabricate but their actuation
characteristics are not ideal. The force-displacement relationship is non-linear
creating an unstable behavior which eventually results in electrostatic pull-in
(Fargas-Marques et al., 2007). In contrast, comb drives present linear characteristics
(dC/dx) for both sensing and driving with the disadvantage of producing less force
than a parallel-plate actuator. In this work a capacitive comb drive is used to
provide actuation and sensing. The capacitance of the comb drive can be estimated
by assuming two parallel capacitors moving laterally. Thus the capacitance will be a
function of the displacement x:
C(x) =

2N 0 t(l0 + x)
g

(2.9)

where N is the number of the comb fingers, 0 the permittivity of the vacuum, l0 the
overlap of the comb fingers, t the thickness of the fingers, and g the gap between
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them. The force created by the actuator can be calculated by taking the derivative
of the potential energy stored in the actuator ((Brand, Dufour, Heinrich, & Josse,
2015)):
Fe =

1 ∂C(x) 2 N 0 t 2
dU
=
V =
V
dx
2 ∂x
g

(2.10)

where, V is the voltage, either DC or AC, applied on the actuator. According to
Equation 2.10, the force created by the comb actuator is independent of the lateral
displacement which gives the actuator the desired linear characteristics. In the case
of a polarization voltage and an AC voltage, the force can be linearized to a simpler
expression (Brand et al., 2015), (Wojciechowski, 2005):
Fe =

N 0 t
Vp Vd
g

(2.11)

where Vp is the polarization voltage and Vd the AC input voltage.
On the sense side, the oscillation in conjunction with the polarization voltage
creates a motional current at the stationary sense fingers which is used to sense the
frequency at which the beams are resonating. This sense current will be:
is =

dQ
dC(x)
dC dx
=
Vp =
Vp
dt
dt
dx dt

(2.12)

where is is the sense current and dx/dt is the velocity of the structure, showing that
the current is proportional to the velocity.

2.5 Fluidic Damping
Viscous damping poses an important problem in MEMS devices and
particularly resonators. Viscous damping can be created from: a) structures
oscillating in the same plane as the substrate, referred as Stokes damping and b)
from structures oscillating in a perpendicular plane, referred as squeeze-film
damping. Devices that do not operate in vacuum may employ one of these damping
mechanism or both. For Stokes damping, the Navier-Stokes equation can be
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reduced to a one-dimensional equation, by assuming no pressure gradients and that
the non-linear convective term is negligible (Cho, Pisano, & Howe, 1994):
∂u
∂ 2u
=ν 2
∂t
∂y

(2.13)

where ν is the kinematic viscosity and y refers to the direction parallel to the
separation of the plate to the substrate. The shear stress of the fluid above and
below the plate will be (Bahreyni, 2008):
τs = −µβux
sinh(2βh) + sin(2βh)
cosh(2βh) + cos(2βh)
p
where µ is the dynamic viscosity, β = ω/2ν is the momentum propagation
τb = ux µβ

(2.14)
(2.15)

velocity, ux is the velocity of the fluid and h the distance of the plate from the
substrate. The drag force exerted on the plate will be of the form F = Bu, where B
is the damping coefficient. The force is given by (Bahreyni, 2008):
Fd,s = µAβux

(2.16)

sinh(2βh) + sin(2βh)
ux
cosh(2βh) + cos(2βh)

(2.17)

Fd,b = Aµβ

where A is the area of plate. From the above equations the damping coefficient can
be determined. For squeeze-film damping, fluid is confined in tight places such as
comb drive fingers or below a vibrating proof mass. The Navier-Stokes equations
can be reduced to the Reynolds Equation under the assumption of an ideal gas, a
small gap size and of an isothermal system (Bahreyni, 2008):
 
 
 
P0 h20 2 δP
∂ δP
∂ δh
∇
−
=
12µ
P0
∂t P0
∂t h0

(2.18)

where P0 and h0 are the initial pressure and gap size. Note that this form of
equation is the linearized form of the Reynolds equation which also assumes that
the gap h is much smaller than the length of the plate and much larger than the
mean free path of the gas surrounding the sensor. For a rectangular plate the
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damping coefficient can be estimated assuming that the width is smaller than the
length of the plate:
bsf =

96 µLW 3
π 4 h3

(2.19)

2.6 Torque Sensing
A secondary objective of this study is the use of a DETF strain gauge as a transaxle
torque sensor. Torque transferred through a transmission shaft, creates surface
shear strains on the shaft which can be utilized to estimate the torque (Myers et al.,
2013). The measured strain for a given direction will be:
(θ) = x cos2 (θ) + y sin2 (θ) + γxy sin(θ) cos(θ)

(2.20)

where θ is the measurement angle and γxy is the measured shear strain. By
assuming that the principle strains are negligible, the torque can be estimated:
T =

γxy πGr3
= (45)πGr3
2

(2.21)

where G is the modulus of rigidity and r is the radius of the shaft. The torque is a
function of G and r meaning that with increasing G and r and for constant strain
the measured torque will be reduced. In order to measure the shear strain using the
DETF sensor, the sensor has to be mounted as close to the surface of the shaft as
possible and at a 45 degree in relation to the longitudinal axis. In addition the
sensor die has to be bonded to the shaft using either an adhesive (epoxy) or a
metallic bond (solder). It has been reported that the epoxy is not suitable for high
strains and is susceptible to fatigue failure at even lower strains. However, metal
bonding using induction heating seems to be far more successful allowing high
strains and repetitive loading (Sosnowchik et al., 2012). Finally both bonding
methods will reduce the available sensor sensitivity as the torque transfer from the
shaft to the die will not be 100%. Myers et al. (2013) presented a strain gauge
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capable of 17.5 Hz/µ with a simulated 25% loss of strain sensitivity through the
shaft and substrate when using a metallic bond.

2.7 Temperature Compensation
Temperature dependence of a resonator output is an important aspect when
designing resonant sensors. For a DETF gauge one of the main sources of
temperature dependence is the variation of Youngs modulus with temperature while
a secondary one is the difference of the thermal expansion coefficient (CTE) between
the substrate of the sensor and the packaging, or the material that the sensor is
attached to. It is reported that the frequency change of a DETF due to temperature
is half of the change due to the variation of Young’s modulus with temperature,
with both being a significant source of temperature dependence. A difference in
CTEs contributes an order of magnitude less change in frequency, thus, it can be
ignored only if it does not conflict with resolution requirements of the sensor
(Wojciechowski, 2005). Several temperature compensation methods have been
employed in order to attenuate the temperature dependence of the output of a strain
gauge. One common method is to use one DETF gauge, responsible for measuring
the desired quantity and a second one responsible for measuring the temperature.
The temperature sensitive gauge needs to be isolated from the substrate in order to
be insensitive to any strain. This can be done by replacing one of the anchors of the
gauge with a compliant spring which effectively cancels any strain transfer through
the substrate. A second method instead of using a matched temperature sensitive
DETF gauge, is to use a temperature sensor located on the substrate. The response
of the strain-sensitive gauge is measured in different temperatures and a calibration
curve is applied. By measuring the temperature of the gauge the output can be
temperature corrected. A passive temperature compensation method is one that
does not use active temperature-sensitive components to account for temperature
changes. This method uses different materials for the substrate and the gauge, with
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different CTEs in order to account for temperature changes (Myers, Azevedo, Chen,
Mehregany, & Pisano, 2012). A third method of temperature compensation is the
use of a temperature sensitive oscillating mode, different than the one used for the
strain measurement. This method does not use external or additional components
to account for temperature differences but uses the existing gauge responsible for
the strain measurements. It has been reported that the oscillating modes of a
DETF presents different strain and temperature sensitivities in the bending mode
and different in the torsional mode. These modes occur simultaneously when the
sensor is operational but the sensitivities can be separated so that the output can be
temperature corrected (Azevedo, Huang, OReilly, & Pisano, 2008).
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CHAPTER 3. RESEARCH METHODOLOGY

3.1 Design of the DETF Strain Gauge

3.1.1 Basic Structure of the DETF
A double-ended tuning fork consists of two beams, of equal length, width and
thickness connected by the base on the same plane. The base needs to be as rigid as
possible due to the fact that it transfers the strain from the substrate to the beams.
In addition, when the beams are oscillating, the base isolates them from the
substrate so that the damping of the oscillations through the anchor is minimized,
just like in the case of a single-ended tuning fork. The anchors solidly connect the
suspended structure to the substrate and they are also responsible for transferring
the deformation of the substrate to the rest of the structure. A Scanning Electron
Microscope (SEM) micrograph of the DETF strain gauge is shown in Figure 3.1.

3.1.2 MEMS Design
The basic design factor of the device is the sensitivity of the gauge which
depend on the selection of the dimensions for the basic components. In Equation 2.8
the basic parameters that will determine the sensitivity of the gauge is the material
of the gauge, the dimensions of the beams, which will also determine the mass of the
beam. In addition, the mass of the actuator affects sensitivity as it will change the
dynamics of the system under resonance. The mass of the actuator also depends on
the material and its physical dimensions, which are also coupled with the electrical
characteristics of the actuator. For the material of the device monocrystalline silicon
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Figure 3.1.
Scanning electron micrograph of the fabricated
double-ended tuning fork strain gauge (test image).

in the form of a 4-inch Silicon-on-Insulator (SOI) wafer was selected to use. The
4-inch size wafer was selected due to its compatibility with several equipment used
in the cleanroom and the ability to host several dies. However, the maximum
number of dies was limited to 58 due to the increased time needed for fabricating
the masks. The SOI substrate had a 400 µm thick Si handle layer and a 1 µm SiO2
layer, used as both a sacrificial layer and isolation layer. The device layer on the top
was 10 µm in thickness and serves as the structural layer for the sensor. The
Young’s modulus, E of silicon is 170 GP a and the density ρ, is equal to 2329 kg/m3 .
Figure 3.2 shows the dependence of the frequency sensitivity in respect to the
geometry of the beams, which was calculated using Equation 2.8. For each graph all
variables are kept constant except the property that is changed. The highest change
is sensitivity occurs when the width of the beam changes; a thinner beam will result
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Figure 3.2. Change in sensitivity in respect to the geometric
characteristics of the beams. An increase in length and thickness
as well as a reduction of the actuator mass and beam width results in
increased sensitivity.

in an increase in sensitivity and the sensitivity will decrease with a thicker beam. In
addition, by increasing the length L and thickness h the sensitivity is also increased
however the effect is not as strong as with the width. Based on this analysis and to
relevant literature (Wojciechowski, 2005), the beam thickness was selected to be 5
µm. This thickness allows the beam to be accurately fabricated and keep its
structural integrity when the forces applied leads to buckling. Thinner beams, while
more sensitive will reduce the maximum measurable strain. The thickness of the
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beam is set by the thickness of the device layer of the SOI wafer, which was selected
to be 10 µm. It was decided to increase the length of the beams in order to increase
the sensitivity of the gauge. The configuration of the sensor is shown in figure 3.3.

Figure 3.3. Device layer detail of the DETF strain gauge.

The length of the beams were 395 µm and it was determined by the length of
the comb drive. Each pair of the moving structure contains 16 interdigitated fingers
that mesh with the fingers of the stationary comb. The finger thickness was 2 µm
and the gap between them 3 µm. The overlap of the fingers was 15 µm and were 30
µm in length. These dimensions define the performance characteristics of the
electrostatic comb drive. The table below shows the DETF sensor parameters.
According to the design specified above the photo-mask designs were created.
The CAD files have been process with AutoCAD 2016 after exporting the geometry
from COMSOL as a DXF file format. The masks are shown in figure 3.5. For a
4-inch wafer a 5-inch mask has to created which is compatible with the equipment
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Table 3.1
Double-Ended Tuning Fork designed sensor parameters
Parameters

Value

Beam length

395 µm

Beam width

5 µm

Device layer thickness

10 µm

Number of drive fingers

64

Number of sense fingers

64

Comb finger gap

3 µm

Comb finger thickness

2 µm

Comb finger length

30 µm

Comb finger overlap

15 µm

Comb drive mass

1.7725 · 10−10 kg

Mass of the DETF beam

1.869 · 10−11 kg

Linear spring constant

58.83 N/m
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located in the Birck’s Nanotechnology Center cleanroom. The material of the mask
is quartz glass with a thin layer of iron oxide with the desired patterns. The iron
oxide was selected instead of chromium since it is transparent in the visible
spectrum but blocks UV radiation at 405 nm and that aids in the coarse alignment
of the wafer.
Two iron oxide masks were created for the fabrication of the device. The first
mask defined the metal contacts of the device, which were resting on top of the
anchors and the stationary comb parts. The photoresist used in this setting was of
positive contrast. The metal was patterned using evaporation and liftoff, thus the
whole wafer needs to be covered with photoresist and windows needs to be opened
where the contacts should be. In order to achieve this a dark-field mask was used
meaning that light will expose only the defined windows and the photoresist will be
removed by developing. The metal definition mask is shown in figure 3.4. The
device layer definition mask was also an iron oxide dark field mask. A positive resist
was used in order to define the structure and serve as a mask for etching. The dark
areas of the mask were the actual device structure and the light exposed the
uncovered areas, which were removed by developing the resist.

Figure 3.4. a) Micrograph of the device layer photomask. b)Metal
definition photomask.
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Figure 3.5. AutoCAD graphical design of the photomasks. The purple
color defines the device layer and the yellow one define the metal layer.

3.1.3 Parametric Model and Simulation
In order to estimate the performance of the device COMSOL Multiphysics
5.2 was used. The parametric geometry of the device was created using COMSOL
in order to allow for fast changes in dimensions by eliminating the need to import
the geometry from a different file but also for enabling the ability to perform
parametric studies. Simulations were performed in order to determine the resonant
frequency of the device, the sensitivity of the sensor in strain and the effect of a
rigid and flexible base in the resonant frequency. In addition, the response of the
structure with the application of a DC and AC voltage was simulated along with
the dependence of the resonant frequency with the DC bias.
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3.1.3.1. DETF Resonant Frequency and Strain Sensitivity

Both resonant frequency of the DETF structure and strain sensitivity were
calculated by performing a modal analysis and extracting the frequency of interest,
which was the fundamental mode of the DETF. For this simulation structured mesh
was used since the geometry is comprised from hexahedral elements and it is able to
yield accurate results, however resulting in a high computational cost. The top
surface of the device layer was meshed using 2D mapped elements. The 3D mesh
was generated by sweeping the 2D mapped surface through the entire volume
resulting in a hexahedral mesh. The element size was determined by performing a
sensitivity analysis of the mesh. By using a parametric study the mesh size was
reduced until the error between consecutive runs was minimized. The variation of
the resonant frequency with the element size is shown in figure 3.6. The only limit
of this step is the maximum available RAM. The final element size was 1.6 µm
producing 176,616 elements with a solution time of 24 hours.
The boundary conditions were applied to the anchors of the DETF and to
the anchored part of the stationary comb drive parts. The material selected was
monocrystalline silicon and the whole device was modeled as linear elastic material.
The oxide layer was also added in the model in order to capture any dependence of
sensitivity to the deformation of the anchors. The thickness of the oxide layer was 1
µm. For finding the resonant frequency of the first mode, a modal analysis was
performed which calculates the oscillating modes and their corresponding frequency.
For that simulation, all the degrees of freedom were removed from the anchors. This
resulted in the unstretched frequency of the device. In order to calculate the
sensitivity of the gauge, a force was applied on one of the anchors in order to
simulate an applied strain. The force was applied in a longitudinal fashion
essentially being a tensile one. A parametric study in conjunction with a modal
analysis was performed with the parameter of interest being the force. This analysis
was performed in two steps; the first step was to do a static analysis of the device in
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Figure 3.6. Image of the meshed structure. Variation of the estimated
resonant frequency with the mesh element size.
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order to calculate strains and stresses created from the load and the second step was
a modal analysis in order to estimate the frequency. The analysis was completed
when the parameter list was exhausted. The force was applied in 0.001 N steps
with a maximum of 0.016 N , corresponding to a 0 to 1000 µ range.

3.1.3.2. Base Effect on Resonant Frequency

As mentioned in subsection 3.1.1, the base is responsible for isolating the
beams from the substrate in order to minimize damping through the structure but
also needs to effectively transfer the strain to the beams. Thus, the base needs to be
of high stiffness in the direction of the applied forces/strains. If the base is deformed
under load then the variation of the unstretched frequency as well as of the
sensitivity in comparison with the analytical results will increase.
A flexible base can be approached as a secondary spring attached to the
beam. Since these springs are in series the total spring constant of the system will
be reduced. This will result in a decrease in resonant frequency and a possible
increase in sensitivity since lower frequency DETFs tend to have higher sensitivities
(Wojciechowski, 2005). In order to verify this behavior, the resonant frequency and
sensitivity numerical simulation was repeated. However this time the material
model for the base is changed to a rigid domain. This essentially treats the base as
a non-deformable domain thus the model should become equivalent to the analytical
one.

3.1.3.3. Dynamic Simulation

A dynamic simulation was performed using COMSOL in order to determine
the frequency response of the device under resonance. However, in order to simulate
that response and accurately predict the Q factor of the device, the damping
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coefficient of the structure has to be known. The device is supposed to work in
atmospheric conditions (760 Torr) thus the main damping source originates from
the interaction of the structure when resonating with the surrounding air. This
interaction occurs at the bottom of the device where the distance from the substrate
is 1 µm, between the comb fingers and between the top surface and the surrounding
air. For this simulation the thin-film, Stokes and Couette damping models are
considered. The Stokes damping can be estimated by the formulas presented in
section 2.5. COMSOL provides a thin-film damping model node that was used in
the frequency response simulation. The Q factor can be defined as:
Q=

f0
∆f

(3.1)

where f0 is the resonant frequency and ∆f the difference of the frequencies
measured at the half-power of the frequency response curve. Assuming a Couette
flow model the Q factor can be approximated by (Minhang, 2005):
Q=

m2πf0 d
µA

(3.2)

where m is the mass of the structure, f0 is the frequency of oscillation, d the
distance from a wall either substrate or the packaging, µ the dynamic viscosity of
the air and A the area of the structure. The Couette model assumes that the gap d
p
is much smaller than δ, the effective decay distance 2µ/ρω. However, the 1µm
distance is on the same order of magnitude of the rest of the structure. The Stokes
damping flow model is more fit for this condition and the Q factor can be
approximated by (Minhang, 2005):
Qs =

˜ − cos(2d)
˜
mωδ cosh(2d)
˜ + sin(2d)
˜
Aµ sinh(2d)

(3.3)

where d˜ = d/δ. For a comb drive system, all surfaces in contact with air will
contribute to the damping. However, in this analysis only the bottom of the device
and the comb fingers are considered the main damping source and modeled only
with the slid-film damping model.
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The same parametric geometry was used in COMSOL for the frequency
response simulation. The geometry was bounded by a rectangular volume which
serves as the air around the device. This volume is not used for the thin-film
damping model but for the electrostatic calculations, serving as the dielectric. The
physics node selected for the modeling is a combination of structural mechanics and
electrostatics which are coupled by the solver in order to solve displacement and
electrostatic fields. The Electromechanics node in COMSOL provides a simple
interface for coupling these two fields. The selection of the mesh for this simulation
was critical due to the fact that a fine mesh greatly increased the simulation time
and required computational resources that were not available. A course mesh would
still converge to solution however the accuracy of the results is questionable. A free
triangular mesh was created, which meshes both the device structure and the air
volume. The boundary conditions can be divided in two categories; boundary
conditions regarding the structural aspect of the device and the electrostatic aspect
of it. The material of the device is kept the same as with the previous simulations
and modeled as a linear elastic material. All degrees of freedom were removed from
the anchors and from the stationary comb drives which is modeled as a fixed
constraint. For the electrostatics, the moving comb drive structure, the beams and
the bases are biased to 80 V DC and on the driving side of the comb drive an AC
voltage of 0.5 V is applied as a harmonic perturbation. This combination of voltages
is responsible for resonating the beam and provides a means of electrical readout for
the device. The thin-film damping node was applied on the bottom of the device
and the rarefied total accommodation model was used for the calculation. The high
of the wall was set at 1 µm, the mean free path of air was set at 70 nm, the
dynamic viscosity was 1.8 · 10−5 P a · s and the pressure was set at 1 atm.
In order to calculated the frequency response, a prestressed frequency
domain analysis was selected. The prestressed part is essential since the bias voltage
will create a static displacement changing the resonant frequency of the structure.
Thus the first step calculates the static response of the system. The second step is
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the frequency-domain analysis, where the frequency is swept along the selected
frequency range and the response of the system is captured. From the response
graph the Q factor of the device can be estimated.

3.1.4 Electro-mechanical Model
The DETF sensor can be modeled as a simple mass-spring and damper
system with electrostatic actuation. In more detail, each beam is modeled as
mass-spring-damper system, assuming that each beam is independent of each other
and that the connection between them is rigid. In addition, the model can be used
to extract the dynamic response of the system becoming a useful simulation tool.
This is a second-order system thus the characteristic equation of it, will be:
Meq,1 ẍ + B ẋ + keq,1 x =

N 0 t
Vp Vd
g

(3.4)

where B is the damping coefficient and the rest of the parameters are drawn from
the previous analysis. The solution of this system will yield the displacement of the
beams and the velocity of the beams. The simulated velocity and displacement will
be the maximum displacement and velocity of the system as the mass is assumed to
be concentrated in a single point. The velocity is ultimately used to calculate the
sense current which as mentioned above is the output of the sensor associated with
a physical input. A simple representation of the system is shown in figure 3.7. The
state space representation can be utilized in order to simulate the response of the
system. The states of the system will be:
ẋ =

p
Meq,1

ṗ = −keq,1 x −

B
p
Meq,1

(3.5)
(3.6)

where x is the displacement and p the momentum of the system. A linear
continuous-time space model can be presented in the following form:
ẋ = Ax + Bu

(3.7)
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ẏ = Cx + Du

(3.8)

where A, B, C and D are the matrices defining the coefficients of the states, the
coefficients associated with the inputs, and the coefficients associated with the
outputs. The input to the system is the electrostatic force created at the comb drive
and the outputs are the displacement of the system and the current output. From
equation 3.5 and 3.6 the matrices can be defined:





1
0
0
1
Meq,1 
C = 
A=
B=
Vp N el h
−keq,1 M−B
0
g
eq,1

 
0
D =  
−Vp N el h
0
Meq,1 g
0



(3.9)

By using equation 3.7, 3.8 and 3.9 the state-space representation of the system is:
  
   

1
0
0
ẋ
x
Meq,1   
 =
 Vd (t)
+
·
(3.10)
Vp N el h
−B
ṗ
p
−keq,1 Meq,1
g
  
    
x
1
0
x
0
 =
 ·   +   Vd (t)
(3.11)
N el h
is
0 −VMpeq,1
p
0
g
The damping coefficient B can be calculated from the Q factor estimated by
COMSOL. In order to solve this system, MATLAB was utilized since it provides a
simple way of solving state-space models.

3.2 Fabrication of the DETF Strain Gauge

3.2.1 Overview
In this section, the process steps taken for the fabrication of the DETF strain
gauge are explained in detail. The microfabricated strain gauge will serve as the
sensing element for sensing torque. Silicon is one of the most popular substrate
material for creating MEMS devices mainly because of its favorable mechanical and
electrical properties and also due to the already developed methods of processing.
By using an 4” (100 mm) SOI substrate the process was straightforward requiring
fewer steps than using an Si wafer.
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Figure 3.7. Representation of a mass-spring-damper system

The fabrication was performed at the cleanroom of the Birck Nanotechnology
Center in Purdue University. The cleanroom is a Class 100 (ISO 5) category
meaning that the air contains a very low concentration of dust particles, which is
very important in the fabrication of micro and nano-level devices. Figure 3.8 shows
the steps performed for the fabrication of the strain gauge. Each step will be
discussed in detail in the upcoming sub-sections.

3.2.2 Wafer Cleaning
Before any processing, the wafer was cleaned from organic deposits, dust and
grease not only to support material that is going to be deposited such as photoresist
or metal but also in order to be compatible with the equipment, such as evaporators
and DRIE etching equipment. In order to keep the equipment clean for every user
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Figure 3.8. Wafer processing overview.

31
there are specific cleaning requirements for samples and wafers that must be
followed.
The standard cleaning procedure for wafers is initially the Piranha etch. The
Piranha solution was prepared by mixing equal quantities of hydrogen peroxide
(H2 O2 )and sulfuric acid (H2 SO4 ). The solution is actually oxidizing the silicon very
slowly removing any particles residing on the surface. This will yield a thin layer of
SiO2 which will have to be removed as it acts as an electrical insulator. The
thickness of an SiO2 layer is determined by the color of the film. However, the
thickness of the film created by the oxidation is too thin for the color to change
significantly thus the presence of it is determined by how much hydrophobic the
surface is. The wafer was dipped for one minute in Buffered Oxide Etch (BOE) in
order to etch the SiO2 layer. After that it was observed that the water is freely
flowing on the surface of the wafer, thus the SiO2 layer is removed due to the fact
that silicon is hydrophobic. In order to remove any residue and/or grease, the wafer
is placed in a glass beaker with toluene and placed into the ultrasonic cleaner for 5
minutes. The same procedure is repeated with acetone, methanol and isopropyl
alcohol. This also removes any dust particles that had been deposited on the wafer.

3.2.3 Photoresist Application and Soft Bake
In order to create patterns on the surface of the wafer for subsequent
metalization and etching the photolithography method was used. Two different
photoresists were used for generating the patterns on the wafer. The first one was
the AZ-9260 and was used for the creation of the metal contacts. This photoresist
was selected due to the fact that it can create thick films, which is useful for the
lift-off process and is a positive photoresist. Because of the chemistry of a positive
resist it is compatible as a mask for use in numerous equipment. The photoresist is
applied on the wafer by spin coating. The first step runs on 500 rpm for 10 seconds
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Table 3.2
AZ-9260 process parameters
Process

Parameter

Time

Spin Coat

500 rpm

10s

Spin Coat

1500 rpm

50s

Soft Bake

100 ◦ C

12 min

Table 3.3
HMDS and AZ-1518 process parameters
Process

Parameter

Time

Spin Coat

500 rpm

5s

Spin Coat

4000 rpm

45s

Soft Bake

90 ◦ C

1 min

which helps distribute the resist on the wafer. The second steps runs at 1500 rpm
for 50 seconds resulting in a thickness of 12 µm.
The second resist was the AZ-1518 positive photoresist which was used to
define the device layer. Before the application of the resist an adhesion layer is first
applied on the wafer. HMDS is used to create the adhesion layer and provides
additional adhesion for thin photoresist structures on the wafer. The HMDS is spun
at 500 rpm for 5 seconds and then for 45 seconds at 4000 rpm creating a uniform
film. The spinning parameters were kept the same for the AZ-1518 resulting in 1.8
µm film. The thickness was verified with a profilometer after the development. The
spinning and soft bake parameters for the two photoresists are shown in table 3.2
and 3.3.
The soft bake is an important step of the lithography process. The soft bake
helps to remove solvents from the resist which hardens it in order to remain
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mechanically sound for the next steps. Especially in thin resist films, a high
temperature, or prolonged exposure to heat, will burn the resist from the bottom
creating a porous region, essentially reducing the surface area of contact between
the resist and the wafer. This may lead to complete removal of thin features during
development. The AZ-9260 was soft-baked for 12 minutes at 100 ◦ C and rehydrated
for 1 hour before exposure and development. For the AZ-1581, the soft bake
parameters were 1 minute at 90 ◦ C and cool down to room temperature before
exposure and development. The wafer is shown in figure 3.9 covered with AZ9260
and AZ1518 photoresists.

Figure 3.9. Wafer with AZ9260 and AZ1518 photoresists respectively.

3.2.4 Alignment and Exposure
Two 5” iron oxide masks were created for the photolithography process. The
masks were fabricated at the Birck Nanotechnology Center using a mask writer with
1 µm feature capabilities. The iron oxide was selected instead of chrome since under
normal light it is semi-transparent which greatly helps in the alignment process.
The MA6 aligner was utilized for the exposure of the patterns. Contact lithography
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Table 3.4
Exposure and Development parameters
Photoresist Exp. Time (s)

Developer

Dev. Time (s)

AZ-9260

87

AZ-400K(1:3)

100

AZ-1518

10

MF-26

45

was used at 405 nm providing good results for structures below 2 µm. In addition
the MA6 is capable of less than 0.5 µm alignment accuracy which surpasses our
requirements. The first mask to be exposed was the metal definition mask with 12
µm of AZ-9260 on the wafer. The exposure time was 87 seconds at 14 mW/cm2 .
The second mask was the device layer mask with AZ-1518 on the wafer and exposed
for 10 seconds at 14 mW/cm2 . This exposure value was fine tuned after several
attempts in order to produce properly exposed structures. It has to be noted
however that exposure time is not the only parameter that determines the successful
definition of resist patterns. The alignment between the first pattern and the second
mask was aided with the addition of alignment marks.

Figure 3.10. The MA6 mask aligner
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3.2.5 Development
A critical step of the lithography process is the development process. This
process removed the exposed photoresist, in the case of a positive resist, and leave
unexposed areas unaffected. The concentration of the solution and the time the
wafer spends in the solution will determine the end result. For the AZ-9260 the
AZ400-K developer was used in a 1:3 ratio with pure water (DI). The development
was 100 seconds. For the AZ-1518 the MF-26 developer was used. This developer is
prediluted with water, which removes the extra variable of diluting the solution.
The recommended developing rate is 60 seconds per 2 µm of resist, which was
adjusted to 45 seconds providing good results.

3.2.6 Metalization and Lift-Off
The metalization refers to the creation of contact pads for providing power to
the device comb drive and for reading the output of the gauge. The pattern for the
pads were created by the first lithography process using the AZ-9260 resist. The
metal layer is deposited using the e-beam evaporation process. The Leybold E-beam
was used for this step.
Two kind of metals were utilized for the contact formation. Chromium was
used as an adhesion layer with 10 nm thickness. Chromium is resistant to HF and
will not be etched away during the release process in contrast to titanium, which is
a common adhesion layer. The next metal is gold with 100 nm of thickness. The
gold presents high electrical conductivity, good adhesion to chromium, is not etched
by HF and does not oxidizes under atmosphere. In addition, gold is the perfect
candidate for wire bonding since the wire is also made out of gold.
For the metalization, the wafer was inserted inside the e-beam evaporator
after the development of the resist. The development removed the parts of the resist
where the metal needs to be deposited, however during the evaporation the whole
wafer was covered with the Cr/Au combination. After the evaporation, the wafer
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was soaked in acetone and the photoresist was removed along with the unneeded
metal. The use of an ultrasonic cleaner accelerated the removal process and also
removed the thin walls that have been formed in the trench created by the
photoresist. This is also the reason why a thick resist was used since the step
coverage of the process is minimal. The wafer was cleaned with a solvent cleaning
procedure and inspected under the microscope. The back of the wafer was also
metalized with 10 nm of Cr and 50 nm of Au for both grounding and clean adhesion
layer for die attachment. The metalized wafers are shown in figure 3.11.

Figure 3.11. Wafer covered with Cr/Au on the bottom and on the
surface (AZ-9260).

3.2.7 Silicon Etching
The device layer lithography defined the structure of the device using the
AZ-1518 resist. The next step was to etch the silicon until the etch-stop layer of
SiO2 . An isotropic etching will not be useful in this setting as the need is to create
tall structures with high anisotropy. The highest aspect ratio is 5 and refers to the
comb drive fingers with 2 µm thickness and 10 µm in height. In order to create the
high-aspect ratio structures the Deep Reactive Ion Etching (DRIE) method was
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Table 3.5
DRIE Etching parameters
Switching Time Pressure RF Coil Power

Gas Flow

Etch

10s

30 mT

1000 W

SF6 250 sccm

Passivation

10s

30 mT

1000W

C4 F8 100 sccm

used. The STS ASE (advanced silicon etch) was used for the silicon etching located
at the Birck Nanotechnology Center. The ASE only accepts 6-inch substrates, thus
the 4-inch SOI wafer was bonded to a pre-oxidized 6-inch Si wafer using
Crystalbond TM 555. The 6-inch Si wafer was heated at 75 ◦ C on a hotplate and
the adhesive was applied on top. The SOI wafer was brought in contact with the
handling wafer making sure no air was trapped in the interface and removed from
the hotplate. The same procedure in reverse was used to separate the two wafers.
The Crystalbond can be removed with DI water. Before the etching of the wafer,
the chamber was cleaned with O2 plasma for 15 minutes. This ensures that any
residues from previous usage are remove as they can affect the plasma density which
affects the etching rate. A preexisting etching recipe was used for the silicon etching
with a rate of 3 µm/min. The passivation and etching steps were 10s each for a
total of 10 cycles and total etching time of 200 seconds. Details about the recipe are
shown in table 3.5.

3.2.8 Buried Oxide Etching
After the silicon etching, the wafer is ready for dicing and release. The
release process aims to free the Si structures from the BOX leaving them suspended
in air. Though it is possible for the release to be initiated at this point, the silicon
dioxide etch rate is not known since we need to etch laterally and vertically at the
same time. Thus, before dicing the wafer and before the release, the STS AOE
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Figure 3.12. The STS-ASE etching equipment.

(advance oxide etch)was used in order to etch the BOX vertically. This is a
self-aligned process since the etched silicon is used as the mask. The BOX thickness
is 1 µm so a 5 minute etch was enough to completely etch the oxide. The progress
was monitored by the color of the oxide. The STS AOE only accepts 4-inch wafer
thus no additional handling wafer was required.

3.2.8.1. Wafer dicing

Before the release, it was decided to dice the wafer to individual dies. This
was done due to the fact that a mistake during the release may render a whole wafer
unusable. Each wafer has as many as 58 dies, thus many samples can be tested in
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Figure 3.13. The STS-AOE processing equipment.

order to figure out the correct etching time. Prior to the dicing, a second layer of
AZ-1518 was spun in order to protect the structures during dicing, because the saw
uses a high-speed water jet for cooling and lubrication during the cut. The wafer
was diced using a semi-automatic wafer dicing saw. The wafer was held into place
with a UV tape during dicing. After the dicing was completed, by exposing the tape
with UV light for 20 seconds, the silicon pieces and each of the dies can be removed
from the wafer. From previous processing, each die is covered with a layer of
photoresist that has been through plasma processing and high temperatures,
meaning that is hard to remove. Moreover, a layer of relatively soft photoresist was
applied for protection. In order to strip those layers, each die was submerged into
PRS-2000 at 70 ◦ C for 24 hours. The PRS-2000 dissolves the photoresist, is water
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soluble and is more effective than acetone. The samples were rinsed with DI water
several times and subsequently cleaned in acetone and IPA baths.

Figure 3.14. Wafer during the dicing process.

3.2.8.2. Structure Release - Wet HF Etch

The wet HF etch process utilizes a 1 to 1 ratio of 49 % HF to DI water for
etching the SiO2 layer. Since the HF attacks glass, PTFE beakers must be used
otherwise the solution will not only be contaminated but also the etch rate will
greatly be reduced. Glass can be used when the concentration of HF is low and the
DI water is continuously refreshed. The wet etch requires that the die is
continuously submerged under liquid after the etch has been completed. This is
done in order to ensure that no air enters the small silicon gaps. Since the device
layer after the etch is suspended, the surface tension of the water is high enough to
bring the structures in contact and possibly destroy any thin features. In order to
alleviate this problem each die was initially submerged in DI water 5 times in order
to completely remove the HF from the solution. Next the water was removed by
successive baths in acetone and finally in IPA. In order to remove the excess liquid

41
without creating stiction, the critical point dryer (CPD) was used. The CPD
initially uses liquid CO2 to wash away the IPA and then increases the pressure and
temperature of the CO2 until the critical point is reached. At this point and when
the system is vented the CO2 transforms from liquid to gas without crossing any
phase boundary since in the super-critical region the liquid and gas phases are
indistinguishable. Thus the sample does not contain any liquid and stiction is
greatly reduced.

Figure 3.15. The critical point CO2 drying system.

3.2.8.3. Structure Release - Vapor HF Etch

The vapor HF etch process still uses HF as the etchant, however no liquid is
coming into contact with the sample. The system uses an electrostatic chuck to
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keep samples and wafer in place. In order to start the etch process the chuck is
heated to a user controlled temperature. The temperature controls the etch rate
where a high temperature will slow the etch rate due to the fast removal of the
water vapor and a low temperature will increase the etch rate since the water
species concentration will be higher. However, a very low temperature can introduce
stiction because of the increased presence of water. The next step is to place the
chuck on to the vapor system. The system pumps HF into the chamber and the HF
vapor is what etches the sacrificial SiO2 layer. The etching time was determined by
observing the etch progress of a single die using the IR microscope. The etching was
performed at 30 minutes intervals at 15◦ C temperature difference to ambient. The
time intervals were reduced as the etching was coming to completion in order gain
better control of the process. The etch was found to be one and a half hours which
is sufficient to release the structures.

Figure 3.16. Electrostatic chuck for keeping samples in place and
vapor HF system.
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3.2.9 Inspection
The inspection of the wafer after each process ensures the quality of the
process and qualifies the wafer for the next stage. The inspection was performed
using an optical microscope in conjunction with computer software to capture
pictures and take measurements. The inspection is done after each resist
development, after the metalization, the silicon etching, the oxide etching and
finally after the release of the structure. The release progress is also monitored by
an IR microscope that shows the remaining silicon dioxide under the silicon. A final
inspection of a specific number of dies is performed using the Scanning Electron
Microscope (SEM) located inside the cleanroom.

3.3 Device Testing Methodology
In order to establish that the device is able to operate and extract
measurements regarding the performance characteristics of the sensor, a
probestation was used. The probestation, located in the characterization bay at the
Birck Nanotechnology Center, uses fine tip needles with manual micromanipulators
to make contact with the pads on the die and a microscope allowing the accurate
positioning of the probes. The probes are connected with BNC cables to a Kiethley
SCS4200 Semiconductor Parameter Analyzer, that supports IV and CV
measurements. The analyzer is capable of providing up to 200 V DC and up to 100
mV AC for capacitance measurements.
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CHAPTER 4. RESULTS

4.1 Strain Gauge Sensitivity
The frequency sensitivity of the strain gauge was calculated using the
analytical theory presented in Chapter 2 and it was also estimated by the numerical
simulations in COMSOL. The resonant frequency that was calculated by the
analytical model was found to be 87.220 kHz and the resonant frequency estimated
by COMSOL was 83.014 kHz. This is the first modal study that was performed
with no strain applied on the gauge. By taking a closer look into the results, it was
observed that there was a deformation in the base of the DETF. The simulation
that was performed in order to investigate this effect showed that by assigning the
rigid domain property to the bases, the resonant frequency approached the
analytical one at less than 1%. We can safely assume that the approximation of a
rigid base is invalid since the base has a specific stiffness in the longitudinal
direction. A correction for the analytical model can be created by assuming that the
foundation of the beam is not rigid but is connected in series with two springs
(base). The spring constant of this system then can be found by:
1
1
1
=
+2
ktot
keq,1
kbase

(4.1)

The stiffness of the base was calculated through COMSOL. The resonant frequency
calculated with the new spring constant is 84.470 kHz and differs from the
simulated one by 1.7%.
The sensitivity was initially calculated analytically by assuming that there is
no force applied on the sensor. Using this method the sensitivity of the gauge was
77.7 Hz/µ. This calculation, however, does not take into consideration any effect
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on the sensitivity created by the applied strain. Thus, the calculation was repeated,
yielding a sensitivity of 57.7 Hz/µ. The sensitivity of the DETF gauge was also
estimated by the parametric FEM model created in COSMOL and is detailed in
section 3.1.3.1. The calculated sensitivity was found by a linear fit of the data to be
49.8 Hz/µ using the assumption that the bases behave as linear elastic materials
and not rigid. The simulation was repeated in the case of rigid bases resulting in a
less than 1% difference in sensitivity. In figure 4.1 the different sensitivities are
presented.

Figure 4.1. Comparison of the sensitivities estimated by the analytical
and the computational models.

The analytical model with the included input strain better approaches the
FEM simulation. The difference between those models are within 10% from 0 to 500
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Hz/µ however above 500 Hz/µ the difference is increased. The deviation from 0
to 500 Hz/µ can be explained by the deformation of the bases but as the strain
increases the anchors are also deforming, which is not included in the analytical
model resulting in a decrease in sensitivity.

Figure 4.2. Oscillating modes of the DETF structure.

4.2 Dynamic Simulations
Dynamic simulations where performed using the parametric model created in
COMSOL and the electromechanical model simulated in MATLAB. For both
models, the polarization voltage used was 80 V DC and the excitation AC voltage
was set to 500 mV. In addition, the correction for the flexible bases have been
included in the electromechanical model. The thin-film damping model was enabled
in COMSOL in order to approximate the damping created by the surrounding air
and the Q-factor value was used in the electromechanical model for the
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determination of the damping coefficient. The damping coefficient can be calculated
by:
p
Meq,1 keq,1
B=
Q

(4.2)

From equation 3.3 the Q factor can be estimated analytically. This equation was
used since the gap between the structure and the substrate is of the same order of
magnitude as δ. The Q factor was found to be approximately 615. In figure 4.2 the
frequency response of the system is shown. The maximum displacement at the
resonant frequency is 1.11 µm with the resonant frequency being at 84.060 kHz.
The resonant frequency has shifted from the previously calculated 83.014 kHz due
to the fact that the bias voltage introduces a static displacement of the beams which
affects the resonant frequency as they are pre-stressed. The dependence of the
resonant frequency with the bias voltage has been also demonstrated by other
√
researchers (Wojciechowski, 2005). The Q factor is estimated at the 1/ 2 of the
magnitude with the bandwidth method. The non-dimensional frequency response is
shown in figure 4.3 normalized at the maximum magnitude. The Q-factor estimated
was approximately 840. This value is 36% increased than the analytical calculation.
This is to be expected since the Q-factor calculation relies on the Stokes-flow model
and under certain conditions on the Couette flow model. These models originate
from the Navier-Stokes equation incorporating many approximations and are
one-dimensional. In addition the solution of the problem assumes harmonic
oscillations which is not always the case. The Q value calculated by the FEM model
is still an approximation since the thin-film model uses similar approximations for
the fluid domain with the choice of including rarefied effects due to the dimensions
of the device approaching the mean-free path of the air at 1 atm. Finally, the mesh
used for the calculation was not refined because of hardware and time limitations.
Thus the response may have a dependence on the mesh size as well.
The Q-factor was used in the electromechanical model for simulating the
response of the device. The response of the system with a comparison with the
FEM model is shown in figure 4.4. The maximum displacement calculated is 1.1 µm
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Figure 4.3. Frequency response of the device estimated by the FEM
model. The maximum displacement at resonance is 1.11 µm at 84.060
kHz.

at 84.527 kHz which is in good agreement with the COMSOL simulation. The
difference in the resonant frequencies after the correction was applied in 0.5%.
However the Q factor is different since the damping factor calculation depends on
the mass and stiffness of the beams. From the above results, the electromechanical
model can provide accurate results when the Q factor is known. This means that it
can be used as an initial simulation tool with an approximated Q factor since the
calculation time is a fraction of the time required for the FEM model to perform the
frequency sweep.
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Figure 4.4. Non-dimensional frequency response of the device for Qfactor estimation

4.3 Fabrication Results
The device was fabricated at the Birck Nanotechnology Center located at
Purdue University. The fabrication of the device started at the beginning of May
2016 and it was finalized by the end of June 2016. Mask fabrication and purchasing
of the required equipment was started in April 2016 along with specific equipment
training.

4.3.1 PR Application, Exposure and Development
Two types of photoresists were used for the lithography which defines the
structures. The application of AZ9260 was straight forward. However due to the
high viscosity of the resist, in case of a spinning error stripping the photoresist with
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Figure 4.5.
Comparison between COMSOL and MATLAB
simulations. The two models are in good agreement.

acetone is a tedious and lengthy process. A better alternative is using PRS-2000 at
70 ◦ C that dissolves the photoresist. Spinning errors can occur by setting the wrong
rpm and time value or from a malfunctioning chuck. Thus, before each application
of photoresist the wafer was spun dry to verify that the wafer is secured and that
the parameters are correct. The soft-bake, exposure and development parameters
where given for the specific thickness of resists, however, it was verified that the end
result was within the parameters of the design. A micrograph of the patterned resist
is shown in figure 4.2.
The quality of the resist seems adequate for the specific use of creating the
metal contacts, with no visible over-development or over-exposure. In addition the
dimensions of the openings are within the limits of the process.

51

Figure 4.6.
Image of AZ9260 after spinning, exposure and
development yielding a 12 µm resist thickness.

The application of the AZ1518 presented an increased number of difficulty.
The reason was that this resist defines the device layer which contains the thin
comb fingers with a thickness of 2 µm. This resist layer must present enough
adhesion to the substrate since its area of contact is limited, keep the dimensional
accuracy of the pattern and be able to survive through the development baths,
drying processes and etching. The refinement of the parameters to achieve these
properties was a lengthy process. The stability of the resist depends on the adhesion
layer (HMDS) but also on the soft-bake temperature and time. Since the resist
thickness is 1.8 µm a high temperature will burn the resist at the bottom which will
not be visible from the surface. This reduces the adhesion since the resist has
become porous and brittle. At a temperature of 100 ◦ C and for 5 minutes the
interface between the resist and the wafer is pulverized, thus, after development the
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thin fingers have completely disappeared. The dimensional stability of the thin
structures is mostly controlled by the exposure and the development time and
developer concentration. As mentioned before the MF-26 developer was used since
it comes prediluted. After several tests the final values for exposure was 10 seconds
and for development was 45 seconds. However, even after extensive tests the
uniformity of the process was no acceptable with a yield of less than 50%. By
measuring the dimensions on the photomask it was evident that the finger thickness
was not correct and was measured at 0.81 µm from a designed of 2 µm. The device
layer mask was fabricated again in order to increase its dimensional accuracy. The
new mask yielded much better results, with 1,7 µm fingers which was acceptable.
The resist application was repeated with 100% yield across the wafer.

Figure 4.7. Images of failed resist application. The image on the left
shows the complete removal of the fingers and the image on the right
shows semi-successful application.

4.3.2 Metallization
Metallization tests were conducted in order to verify the performance of the
AZ9260 photoresist, used as a mask. The variables of interest are the thickness of
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Figure 4.8. An optical microscope image of a successful resist
application, using the re-fabricated photomask.

the resist and the quality of the pads after the lift-off. The tests were conducted
using 100 nm of nickel (Ni) which is inexpensive in contrast to gold (Au). A resist
with 6 µm of thickness was patterned on the wafer and Ni was evaporated on top of
it. Because of the thickness of the resist, the walls are also metalized and when the
photoresist is removed they can be seen as very thin metal membranes. The resist
thickness was increased to 12 µm and in conjunction with the use of the ultrasonic
cleaner the pads where clean without any thin metal walls. For the final device
wafer a Cr/Au film was deposited on the back and on the front of the wafer. In
figure 4.8 the metalized wafer is shown. The long comb drive contacts, measure 20.2
µm in width from the designed 20 which is acceptable. The anchor pads measure
34.4 µm from the designed 34 which is a good result. The pad dimensions are
important since a larger pad will interfere with the rest of the processes and
structures. The final thickness of the metal is 110 nm.
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Figure 4.9. Optical micrograph of the metal pads on the wafer, with
measurements.

4.3.3 Etching
One of the most important steps in the fabrication process is the DRIE
etching of silicon. As with every etching process there is always the risk of over
etching or under etching. Particularly with DRIE the sensitivity to over and under
etch is much greater and this process can be accelerated at the bottom of the silicon
trench where the buried oxide exists. If the process is continued after the silicon is
completely etched, SF6 does not attack SiO2 . Thus, the reactive ions will start
scattering in the direction of the silicon walls, pass through the passivation layer
and over etch them. In addition, the etching process involves plasma which exposes
the resist, which is used a mask, in high temperatures even if the wafer is cooled by
liquid helium. This results in vaporizing of the resist exposing silicon that is
supposed to be masked. This phenomenon is more evident at the edges of the
structures where the heat is more easily concentrated. On the other hand, DRIE
etches faster when larger area is available, under etching small gaps and trenches is
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a possibility. In this case, under etching of the area in between the fingers will result
in a non functioning device, since all the fingers will be connected together. In
addition, under etching the etch holes, which are used for aiding the release of the
base and the comb drive actuator, creates a situation where either vapor or wet HF
cannot pass through the holes making the release of the device impossible. After the
dicing of the individual dies, a number of dies where inspected under the SEM
microscope. Figure 4.10 shows the condition of the silicon structures after the

Figure 4.10. SEM micrographs of the etched structure showing the
imperfections of the process.
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etching process. The waiving of the silicon walls is a typical surface finish of the
DRIE process. The waiving is created between the etch and passivation steps and
can be as minimum as 100 nm, however it heavily depends on the etch and
passivation switching time. The most notable defects can be seen in the thin finger
structure. In some places the resist failed completely and the silicon was almost
etched completely through the 10 µm thickness. In general it appears that a
photoresist etch mask cannot provide enough passivation for the thin structures.
The larger features are dimensionally sound with good surface and acceptable wall
roughness. In order to get better dimensional stability on the thin structures a
better mask can be considered such as SiO2 , and the RF power, the flow rate and
switching time of passivation and etching can be reduced which will result in a
slower etch rate.

4.3.4 Vapor HF Etch
The vapor HF system is used for etching the sacrificial oxide layer freeing the
structure. The vapor HF circumvents the problem of the wet etching with stiction
since no liquid comes into contact with the sample. The etch rate depends on the
HF concentration, and the water content of the vapor and of the sample. Several
tests have been conducted in order to determine the etch rate of the process,
however the etching time was varying from 1,5 hours to 4 hours. This uncertainty
creates the need to check the undercut with the IR microscope due to the fact that
a large undercut will not only release the structures but it will also release the
anchors. Figure 4.11 shows the IR images where the silicon dioxide undercut is
visible.
From the images above, we can immediately identify the problem. The
etching across the holes progresses on a straight line and only from the outside.
This means that the etch holes are not open all the way through, which makes the
release of the bases impossible. However, the thinner structures can be released
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Figure 4.11. Optical micrographs of the release process in the IR spectrum.
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since the undercut is enough for the small structures but safe for the anchors. In
addition, the DRIE process needed more time in order to etch the etch holes
completely. However, more time would have affected the rest of the structure. Thus,
a modification to the etch recipe is required in order to achieve better surface finish
and more even etch rate between the large and the small areas.

4.3.5 Fabrication Cost
The cost of the fabrication was evaluated and is presented here in tabular
form. The cost of the use of certain equipment was included based on how much
time they were used or the number of uses. In addition, basic components such as
the wafer and the photomasks were also included. The cost of solvents, developers,
photoresists, acids, fume hoods, the optical microscopes and the vapor HF system
are all included in the cleanroom entrance fee. The total cost of the process was
2,108 dollars for an approximate fabrication time of 15 hours. Since each wafer
contains 58 dies this cost can be broken down to 36 dollars per die.

4.4 Experimental Results
The device was tested at the probe station located in the characterization
bay. The DC and AC voltage was applied to the device using the needle probes.
However there was no measurable response from the device, even when the DC
voltage was increased up to 200 V. The dies that were tested, were checked in the
SEM in order to identify the cause of the problem. The problem is located between
the comb fingers and it is shown in figure 4.12. The incomplete etching resulted in a
thin Si membrane connecting all the fingers together at the bottom. Since the wafer
is diced it is impossible to repeat the lithography and do the DRIE in order to fix
the problem. The only solution is repeating the fabrication by changing the DRIE
parameters.
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Table 4.1
Cost of the fabrication process
Process

Time (h)

Cost in dollars

Photomask

24

580

Cr/Au deposition

8

200

Photoresist Application

1

6

Lithography

2

48

Etching

2

96

Inspection

2

60

Gold (150 nm)

-

106.5

Chromium (20 nm)

-

2

SOI wafer

-

370

Cleanroom Entrance Fee

384

640
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Another set of dies was also cleaned and inspected under the optical
microscope. The majority of those samples were taken from the center of the wafer.
After the inspection, it was shown that some of the samples had a reduced amount
of silicon remaining between the fingers, thus a potential solution was tested. One of
the dies was etched in RIE using 50 sccm of SF6 at 100 W of RF power for
approximately 90 seconds. The resulting etch rate is slow enough so that the rest of
the structure experiences minimum material loss but is enough to remove the thin
silicon between the fingers. However, the width of the fingers is already less than
the designed one and this process will further reduce it. After it was verified that
the fingers were no longer connected, the sample was released using the vapor HF
process. When tested, it was clear that the structures were free and able to move.
Though after the application of the bias voltage, due to the thinning of the fingers
and the dissimilar gap created in the comb drive, the fingers were experiencing
snap-in behavior. Figure 4.13 shows the finger after the etching and Figure 4.14
shows the snap-in problem.
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Figure 4.12. SEM image of the comb fingers connected together at
the base due to incomplete etching.
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Figure 4.13. SEM image of the comb fingers after the RIE etching.
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Figure 4.14. SEM image of the comb fingers demonstrating snap-in.
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CHAPTER 5. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

5.1 Conclusion
This thesis demonstrated the design process for a resonant strain gauge using
the double-ended tuning fork structure. The device was modeled analytically using
beam theory in order to calculate the resonant frequency of the device but also the
frequency sensitivity of the gauge in strain. A parametric model of the device was
created in COMSOL Multiphysics in order to estimate the resonant frequency of the
device and the sensitivity to strain. Both solutions were compared, being in good
agreement. The FEM model provided a better insight of the device’s behavior and
was able to identify the effect of the base and anchor deformation. The sensitivity of
the gauge using the analytical method was found to be 57.7 Hz/µ and 49.8 Hz/µ
by using the FEM model. In addition, the frequency response of the device was also
simulated using COMSOL but also using an electromechanical state-space model in
Matlab. The Q-factor was estimated by the FEM model, however the accuracy of
this calculation cannot be verified without experimental data. Both models were in
good agreement with a maximum displacement at resonance of 1.1 µm at 84.060
kHz for the FEM and 84.527 kHz for the Matlab simulation.
The fabrication of the device was performed in a cleanroom located at the
Birck Nanotechnology Center at Purdue University. The substrate used for the
fabrication of the device was an SOI wafer with a 10 µm device layer, 1 µm BOX
and 400 µm handle layer. A two-mask process was created for the realization of the
device. The initial lithography defined the Cr/Au metal contacts using a 12 µm
layer of AZ9260 positive resist and the lift-off process created well-defined metal
contacts. The second lithography defined the device layer using 1.8 µm of AZ1518
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positive resist. The anisotropic etching of silicon was performed by using the DRIE
process at 3 µm/min etch rate for a total of 200 seconds. The wafer was diced prior
to the release, which was performed using the vapor HF etching system that greatly
reduced the risk of stiction. Finally the device was tested using a test probe station,
however it was unsuccessful due to the incomplete etching of silicon. A modification
of the etching recipe should be able to yield better and successful results.

5.2 Future Work
This investigated the design and fabrication of a MEMS strain gauge with
potential for several applications that require increased sensitivity and strain values
up to 1000 µ. By modifying the fabrication process, yielding a working device,
experimental results can verify the computational and analytical models and
provide detailed insight in the strain measuring efficiency of the device. In addition,
a proof-of-concept wireless data and power transmission system was designed and
tested in parallel with this study, allowing a future integration with this sensor,
yielding a true wireless strain measuring system than can have a myriad of
applications in industrial and automotive systems.

LIST OF REFERENCES

66

LIST OF REFERENCES

Azevedo, R. G., Huang, W., OReilly, O. M., & Pisano, A. P. (2008, jun).
Dual-mode temperature compensation for a comb-driven MEMS resonant
strain gauge. Sensors and Actuators A: Physical , 144 (2), 374–380. doi:
10.1016/j.sna.2008.02.007
Bahreyni, B. (2008). Fabrication and Design of Resonant Microdevices. William
Andrew Inc.
Bhaumik, S., Rangaraju, R., Parameswara, M., Venkataswamy, M., Bhaskaran, T.,
& Krishnan, R. (2002). Fatigue failure of a hollow power transmission shaft.
Engineering Failure Analysis, 9 , 457–467.
Brand, O., Dufour, I., Heinrich, M. S., & Josse, F. (2015). Resonant MEMS.
Wiley-VCH.
Chaimanonart, N., Suster, M. A., & Young, D. J. (2010). Two-channel passive data
telemetry with remote RF powering for high-performance wireless and
batteryless strain sensing microsystem applications. IEEE Sensors Journal ,
10 (8), 1375–1382. doi: 10.1109/JSEN.2009.2039211
Cho, Y. H., Pisano, A. P., & Howe, R. T. (1994). Viscous damping model laterally
oscillating microstructures. Journal of Microelectromechanical Systems, 3 (2),
81–87. doi: 10.1109/84.294325
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